Abstract. Human embryonic stem cell derived-mesenchymal stem cells (hESC-MSCs) are able to inhibit proliferation of leukemia cells. Microvesicles released from human embryonic stem cell derived-mesenchymal stem cells (hESC-MSC-MVs) might play an important part in antitumor activity. Microvesicles were isolated by ultracentrifugation and identified under a scanning electron microscopy and transmission electron microscope separately. After 48-h cocultured with hESC-MSCs and hESC-MSC-MVs, the number of K562 and HL60 was counted and tumor cell viability was measured by CCK8 assay. The expression of proteins Bcl-2 and Bax were estimated by western blotting. Transmission electron microscope and western blot analysis were adopted to evaluate the autophagy level. Results showed that both hESC-MSCs and hESC-MSC-MVs inhibited proliferation of leukemia cells in a concentration-dependent manner. hESC-MSC-MVs reduced the ratio of Bcl/Bax, enhanced the protein level of Beclin-1 and LC3-II conversion, thus upregulating autophagy and apoptosis. In conclusion, microvesicles released from human embryonic stem cell derived-mesenchymal stem cells inhibited tumor growth and stimulated autophagy and excessive autophagy might induce apoptosis.
Introduction
Mesenchymal stem cells (MSCs) are a group of cells with the capacity of self-renewal and multilineage differentiation. Recent studies showed that MSCs could be used as cellular vectors for targeted delivery of therapeutic agents to tumors (1) . MSCs can be derived from a variety of tissue sources such as bone marrow, umbilical cord and adipose tissue, however, these adult stem cell sources were still inadequate for clinical use due to their limited supply and expansion, and further more, inevitable invasion when collected (2) . Fortunately, a new source of mesenchymal stem cells emerged at a historic moment -human embryonic stem cell-derived mesenchymal cells (hESC-MSCs). hESC-MSCs are easier to be standardized, non-invasive and greatly proliferate in vitro, which might be an alternative for traditional adult stem cell therapy (3) .
Microvesicles (MVs) are small, spherical membrane fragments, 50-1,000 nm in diameter and believed to be involved in multiple aspects of cancer progression (4, 5) . It was reported that MVs could deliver antitumor microRNAs, thus inhibiting tumor growth and stimulating apoptosis (6) . Recent studies demonstrated that human umbilical cord blood-derived mesenchymal stem cells (UC-MSCs) inhibited the growth of K562 (7) . Particularly, stem cells are a rich source of soluble factors and MVs. Based on these findings, we assumed that hESC-MSCs might also suppress the growth of leukemia cells, and in which MVs probably played an important role.
Materials and methods
Cell culture. The human embryonic stem cell line (NJ15) was kindly provided by Dr Lianju Qin, from the Nanjing Maternity and Child Health Care Hospital, Nanjing, China under a Materials Transfer Agreement. Human umbilical cord-derived mesenchymal stem cell (UC-MSCs) and bone marrow-derived mesenchymal stem cells (BM-MSCs) were provided by Dr Wei Zhu, School of Medicine, Jiangsu University. K562 and HL60 cells were provided by Dr Jun Qian, Affiliated People's Hospital of Jiangsu University. The hESCs were cultured on mitomycin C (Roche, USA)-pretreated mouse embryonic fibroblast (MEF) and maintained in the hESCs medium: DMEM/F12 (Gibco, Grand Island, NY, USA) 80 ml, knockout serum replacement (Gibco) 20 ml, 1% non-essential amino acid (Gibco), 1 mM L-glutamine (Gibco), 0.1 mM β-mercaptoethanol (Sigma Chemical Co., St. Louis, MO, USA), 4 ng/ml basic fibroblast growth factor (Gibco). We harvested hESC-MSCs based our previous study (8) . Briefly, hESCs were directly seeded onto a plate coated with 0.1% gelatin and cultured in the MSC growth medium: DMEM low-glucose medium supplemented with 10% fetal bovine serum (ExCell Bio, FND500, Australia). One week later, cells were passaged and cultured in normal subculture (Named P1). After serial passages, further purification was achieved.
Microvesicles
Human UC-MSCs, BM-MSCs and leukemia cell lines K562 and HL60 were maintained in DMEM medium (Gibco) supplemented with 10% FBS.
Cell growth and cell viability assays. To evaluate the effects of hESC-MSCs on the proliferation of K562 and HL60, 1x10 5 leukemia cells/well were cultured solely (as control) or incubated with hESC-MSCs in DMEM medium without serum (hESC-MSCs were pre-treated by mitomycin C and cultured overnight prior to coculture with leukemia cells). 
MVs isolation and characterization by electron microscopy.
To collect MVs, hESC-MSCs were cultured in DMEM medium depleted of serum. Forty-eight hours later hESC-MSC-MVs were purified following the standardized procedure reported by Gadkari et al and Bruno et al (9, 10) . In brief, the supernatants (or conditioned medium) of hESC-MSCs were centrifuged at 2,000 x g for 5 min and then 12,000 x g for 15 min to remove cell fragments and impurities. Then, conditioned medium was centrifuged (Beckman Coulter Optima L-90K, Beckman Coulter, Fullerton, CA, USA) at 100,000 x g for at least 1 h, washed in the DMEM containing 25 mM HEPES (Gibco) and followed by a second ultracentrifugation in the same way. We removed the excess fluid and added 200 µl PBS to resuspend the pellets. The protein content of hESC-MSC-MVs was analyzed by BCA method (Sigma).
To ensure that the isolated pellets were hESC-MSC-MVs, we identified them under a scanning electron microscope (SEM; Hitachi, Japan) and a transmission electron microscope (TEM; Philips, FEI, Eindhoven, The Netherlands) respectively.
Characterization of autophagosomes by TEM. Leukemia cells were first fixed by 3% glutaraldehyde plus 2% formaldehyde in 0.1 M sodium cacodylate buffer solution. Then cells were fixed with 2% osmium tetroxide and dehydrated with propylene oxide and ethanol. After that, cells were embedded, and ultrathin sections were cut and stained in uranyl acetate as well as lead citrate, and observed under a TEM (Philips).
Western blot analysis. Leukemia cells (1x10
5 cells/well) were cultured solely (as control) or incubated with hESC-MSC-MVs (30 and 60 µg/ml) in DMEM medium without serum. Forty-eight hours later, total protein of leukemia cells was extracted and 100 µg protein was subjected to 12% SDS-PAGE and subsequently electroblotted onto PVDF membranes. These reactive bands were analyzed with enhanced chemiluminescence (ECL, Millipore, USA) reagents. Signals were captured using an Image Quant™ LAS-4000 Mini Imager (GE Healthcare, Piscataway, NJ, USA). All primary antibodies including rabbit anti-GAPDH (cat. no. 5174), anti-Beclin-1 (cat. no. 3738), anti-LC3B (cat. no. 2775), anti-Bax (cat. no.2772), anti-Bcl-2 (cat. no. 2876) were purchased from Cell Signaling Technology (CST Beverly, MA, USA). Primary antibodies were detected using goat anti-rabbit secondary antibody (Thermo Fisher Scientific, Rockford, IL, USA). The protein density of each band was detected using Quantity One v4.62 software (Bio-Rad, Inc, Berkeley, CA, USA) for semiquantitative evaluation.
Flow cytometer analysis. Apoptosis of tumor cells was measured using Annexin V-FITC/PI apoptosis kit (BD Biosciences, San Jose, CA, USA). In total, 1x10 5 leukemia cells were collected and stained with 5 µl Annexin V-FITC and PI successively under normal temperature for 15 min away from light, and analyzed within an hour on flow cytometer (FACSCalibur; BD Biosciences).
Statistical analysis. The one-way ANOVA with multiple comparisons was adopted to evaluate the difference among three or more groups. Each experiment was independently carried out at least three times. Data are shown as the mean ± standard deviation (SD) and p-value ≤0.05 was statistically significant.
Results

Generation of human embryonic stem cell derivedmesenchymal stem cells (hESC-MSCs)
. hESCs (P31) were originally cultured under feeder-dependent conditions (Fig. 1A) . Approximately 3 days after cultured in MSC medium, long spindle cells began appearing around the colonies. When these long spindle cells reached >75% confluence (~7 days later), cells were digested and seeded onto new gelatin-coated cultures. With the removal of colony structures, heterogeneous cells became homogeneous and gradually began to be more slender and confluent (Fig. 1B  and C) . At passage 10, some shuttle fibroblast-like cells were in the majority and arranged regularly similar to UC-MSCs and BM-MSCs (Fig. 1D-F) .
hESC-MSCs inhibit the proliferation of leukemia cells. We observed that hESC-MSCs showed an inhibitory effect on proliferation of leukemia cells which was concentrationdependent. The number of K562 and HL60 cells alone, cocultured with hESC-MSCs at ratios of 50:1 and 0.5:1 as shown in Fig. 2 , the amount of K562 and HL60 cells rose with the increasing ratio of leukemia cells to hESC-MSCs over the range of 0.5:1-50:1 ( Fig. 2A) . To determine whether this effect was realized through paracrine or cell-to-cell contact, the Transwell chamber technology was used and CCK8-assay was adopted to evaluate cell viability. The inhibition rate of K562 for direct contact and Transwell coculture groups was 61.3±15.7 versus 51.3±4.6%. In HL60, the rate was 46.6±13.2 versus 57.2±8.8% and there was no significant difference between these groups. Results indicated that cell-to-cell contact might not be necessary, since this effect still existed in Transwell cocultures (Fig. 2B) . 
hESC-MSCs-MVs inhibit the proliferation of leukemia cells.
Supernatants of hESC-MSCs were ultracentrifuged and the collected pellets were captured under a SEM and TEM separately. We observed that the hESC-MSC-MVs were small, spherical membrane fragments, several hundreds nanometers in diameter (Fig. 3B ) and released from cell surface or by exocytose (Fig. 3A) . We tested the content of MVs through a BCA protein assay kit resulting in 93.7 µg/100 µl.
Considering that paracrine might play an important part in the inhibitory effect, we incubated K562 and HL60 cells with different levels of MVs ranging from 0 to 60 µg/ml. Data showed that MVs were able to inhibit the growth of leukemia cells as well as hESC-MSCs. This effect was enhanced by increasing the dose of MVs. However, this inhibitory rate did not increase obviously when the concentration of MVs reached 30 µg/ml (Fig. 3C) .
hESC-MSC-MVs upregulate autophagic activity in K562
and HL60 cells. After 48-h incubation with 0 and 30 µg/ml MVs, K562 and HL60 cells were identified under TEM. While treated groups showed many autophagosomes, electron-dense vacuoles, which contained degraded organelles such as mitochondria and endoplasmic reticulum, such vacuoles were absent in control groups (Fig. 4) .
To confirm MVs influence autophagic activity in leukemia cells, western blot analysis of Beclin-1 elevation and LC3 conversion was performed. In the experiment groups, K562 and HL60 cells were incubated with 30 and 60 µg/ml of MVs for 48 h. Results confirmed increasing level of Beclin-1 and LC3-II formation, which indicated that MVs could apparently upregulate the autophagic activity compared with untreated groups (Fig. 5A and D) . Semiquantitative analysis are shown of Beclin-1 levels ( Fig. 5B and E) and LC3 conversion (Fig. 5C  and F) .
hESC-MSC-MVs promote apoptosis in leukemia cells. K562
and HL60 cells were stained with Annexin V/PI kit and flow cytometric analysis indicated that the apoptosis ratio of leukemia cells increased with the higher concentration of MVs (Fig. 6) .
Western blotting was conducted to detect the ratio of Bcl-2 to Bax, which is a common way to assess the level of apoptosis. Results showed that the ratio was significantly decreased in MV-treated groups (Fig. 7) .
Discussion
Previous studies showed that UC-MSCs could inhibit the proliferation of K562 (7) after coculture. BM-MSCs were Figure 5 . Microvesicles released from human embryonic stem cell derived-mesenchymal stem cells upregulate autophagic activity in K562 and HL60 cells. Leukemia cells were incubated with microvesicles for 48 h, and autophagic activity was investigated by western blot analysis (K562) (A) and (HL60) (D). Beclin-1 elevation (K562) (B) and (HL60) (E) and LC3-II conversion (K562) (C) and (HL60) (F) were analyzed using Quantity One v4.62 Software. n=3, * p<0.05, ** p<0.01. NS, not significant. found to inhibit the proliferation of malignant cells of hematopoietic origin (11, 12) . However, these MSCs had many limitations such as inadequate supply and inevitable invasion when collected. Our previous study focused on the acquisition and characterization of hESC-MSCs and found that they shared many characteristics with traditional MSCs, including morphology, self-renewal and differentiation (8) . Particularly, our hESC-MSCs could be cultured for at least 26 passages (data not shown), which might become a better source of MSCs. On the basis of this analysis and previous work, we replaced traditional UC-MSCs or BM-MSCs with hESC-MSCs and received the expected results that they could also inhibit leukemia cells hESC-MSCs. However, it was notable that Ramasamy et al and Goldstein et al reported MSCs could form a cancer stem cell niche in which tumor cells could preserve the potential of proliferating and sustaining the malignant process (12, 13) .
According to the studies of Fonseka et al and Psaila et al the anti-proliferative effect of UC-MSCs contributed to arrest the growth of K562 cells in rest stage (G0/G1 phase), which might confer tumor cells a better survival and self-renewal ability (7, 14) . The transplantation of human MSCs to mice showed tumorigenicity, attracting attention to this new therapy (15, 16) . Considering these problems, we focused on the active components in the MSCs culture supernatants. We observed that the inhibitory effect still existed in Transwell coculture and there was no significant difference compared with the direct contact group, which provided further evidence that paracrine might play an important role. However, Fonseka et al pointed out that the anti-proliferative effect was reduced in Transwell and supernatant groups, and direct cell-to-cell contact might play a significant role (7). This variation might be contributed to different types and pretreatment of MSCs and, more importantly, the culture conditions. In addition, the effect might be not obvious if tumor cells were cocultured with the supernatants of MSCs directly because the concentration of active components within would be too low. Considering the above, we concentrated on the MSC culture supernatants and obtained MVs. Under TEM, MVs were electron-dense vacuoles, several hundred nanometers in diameter and released from the cell membrane surface or by exocytosis (17, 18) . As expected, MVs inhibited the growth of K562 and HL60 cells in a concentration-dependent manner, which further strengthened the evidence that paracrine or MVs did play an important role. Similar findings were provided by Yang et al. In rheir study, exosomes from ACHN cells inhibited Jurkat T cell proliferation, which also showed a concentrationdependent manner (19) . MVs were expected to become new material of biotherapy for cancer. Under electron microscope, we found many electron-dense vacuoles containing extensively degraded organelles such as mitochondria and endoplasmic reticulum in MV-treated groups. These vacuoles were similar to autophagosomes.
Autophagy, or 'self-eating', performs a very important function in many physiological and pathological processes. For example, it provides cells with metabolic precursors as well as energy under starvation and at the same time alleviates stress by removing long lived proteins and damaged organelles (20) . However, dysregulated or excessive autophagy certainly can cause autophagic cell death, also called 'the type II programmed cell death' (21, 22) . In view of this, some anti-neoplastic therapies have focused on inducing autophagy in human cancer cell lines (23, 24) . TEM was widely perceived as a 'gold standard' test for autophagy, the mark of autophagy under TEM was the presence of autophagosome accumulation. We observed many autophagosomes in MV-treated groups and suspected that MVs might upregulate autophagy in leukemia cells. Then, western blotting was performed to measure the expression level of autophagy-related proteins. In our test, another important finding was that MVs upregulated the Beclin-1 protein level in leukemia cells. Notably, Beclin-1 was the first gene that had been proved to be related with mammalian autophagy (25) . It was reported that Beclin-1 could inhibit cancer initiation and showed low levels in human breast carcinoma (26) . It should be clearly noted that autophagy is much more than just a promoter or inhibitor of cancers and the relationship between them is intricate and complex (27) . Another important problem is the relationship between autophagy and apoptosis. These two programmed cell death pathways were confirmed to coregulate the survival and death of cells (28, 29) . In some cases, autophagy inhibited apoptosis to adapt to metabolic and environmental stress; in others, it coordinated with apoptosis to result in cell death (30) . Cancer cells have various ways to avoid apoptosis, the important means by which organisms deal with defective cells (31) . Inducing apoptosis in tumor cells is believed to be a common strategy to fight against cancer (32) . Other laboratories have provided evidence that exosomes or MVs could promote apoptosis in tumor cells (33, 34) . Our data showed that MVs induced autophagy and excessive autophagy might induce apoptosis, which explained in part the inhibitory effect of MVs on leukemia cells. However, the molecular mechanism of leukemia cell autophagy and apoptosis induced by MVs still remains unclear and need further study.
